Nonlinear polarizability of erythrocytes in non-uniform alternating electric field (NUAEF) was proved theoretically and experimentally by dielectrophoresis method. The paper presents experimental evidence of the nonlinear polarizability of erythrocytes in the non-uniform alternating electric field. The rotation of erythrocyte around its own axis at more than one revolution per second in the non-uniform alternating electric field in the frequency range f 
Introduction
The study of polarization and deformation of erythrocytes is an urgent problem in the diagnosis of some diseases. The above characteristics are interrelated in their reaction to practically any pathological process in the organism [1] - [4] . The polarization of a cell in an external electric field is accompanied by the displacement of its electric charges relative to the equilibrium position, the formation of an induced dipole moment and, as a result, the overall deformation of the total cell volume [1] [5] . In turn, the deformability of erythrocytes also depends on their viscoelastic properties i.e. total rigidity and viscosity [6] . The deformation of an erythrocyte is obviously limited by its own finite mass, and the displacement of electric charges relative to the equilibrium position is limited by their electrostatic repulsion in the cell closed volume. Thus, these limitations create conditions for the nonlinear polarization of erythrocytes in an external electric field.
The aim of the work was to study the nonlinear polarizability of erythrocytes in NUAEF with an intensity ∼ 5 10 V / m and a frequency range of ( ) 100 1000 kHz ÷ .
Materials and Methods
Human erythrocytes obtained from whole blood drawn from the donor's vein were used in the study. To conduct the dielectrophoresis analysis, 2 ml of blood were collected with vacutainers in 3.7% citrate buffer at a ratio of 9:1. Immediately before the experiment, 10 μl of blood were diluted in 0. Experiments were performed in a measuring cell where NUAEF was created. Detailed description of the measuring cell and the laboratory device as a whole is presented in [6] . Measurements were carried out in the frequency range ( ) 5 6 10 10 Hz
was applied to the electrodes through the capacitor. As a result, the harmonic voltage on the electrodes was lacking the constant component.
Video monitoring and recording of the speed of erythrocyte rotation around its own axis were carried by the position of a typical natural reference point on its surface. The cell turnover period was measured using an electronic clock built into the computer.
Results and Discussion

Experimental Part
Experimental observations demonstrated a slow rotation of erythrocytes around their own axes with varying frequency in the frequency range of 
The Oretical Justification
The external electric field ex E with the frequency ex ω and the phase ex ϕ applied to the cell induces the redistribution (polarization) of the set ( ) Q of its free and bound, positive q + and negative q − charges within the whole cell volume. As a result of polarization, in the cell there emerge uncompensated charges, which create within it its own field with the intensity cl E directed against the external one, ex E . The field in the cell volume forms the induced dipole cl d , which is the sum of a set of n elementary
. In NUAEF, the cell dipole is influenced by the time-averaged force vector, which makes the cell move [10] .
where: med ε -dielectric permittivity of the medium; 
The condition cl ω ω − ≥ , the cell starts rotating around its own axis, which can be recorded and analyzed by instrumental video monitoring.
The typical value of the erythrocyte transmembrane potential is about 60 mV [11] . This potential creates on the membrane a potential barrier with the electric field intensity ∼ 6 10 V / m whose vector is normal to the cell surface. According to the statistical mechanics, the charge 1 (ion) should possess the energy required for overcoming the total potential barrier of the cell membrane
where: 
. The density of positive charges capable of overcoming the above barrier is described by Expression [5] .
where:
o n -the initial density of positive charges on the membrane surface depending the concentration and thermal equilibrium of ions in cell suspension [5] [7] .
( )
If the summand
 is much smaller than 1, the contributions of sum-mands of higher orders (starting from the third, quadratic, one) in (5) can be neglected. As a result, the density of the charges ca- 
From Equation (6), the calculated values
 of the members of the Maclaurin series depending on their serial numbers n are presented in Figure 2, Figure 3 . By further simplifying Equation (6), let us reduce it to.
( ) 
i t ae t b e t с e t d e t
where: From the consideration of the first three summands of Equation (7) it follows that the alternating current of the membrane contains only the linear and the quadratic components ( ) ( 
The analysis of Expression (8) shows that the total current through the cell membrane is determined by the The linear model of polarization of the medium and the cell in the external alternating electric field is relatively simple. In each point, the electric field induces in their volume the dipoles with the harmonic frequency ex ω , which coincides with the external one. In the case of the nonlinear polarization, the formation of the induced dipole moment of the cell by electric charges is associated with the fact that their movement is not harmonic any more. In this case, the energy of the cyclic frequency ex ω of the external field is transferred to the second and higher harmonics, and there also emerge multiple combinations between them [11] . The analysis of the presented known trigonometric expressions also shows that the member of the series with the serial number n in (6) also takes into account the harmonics n t ω of the current flowing through the cell membrane. Thus, in Figure 2, Figure 3 , the serial number n along the abscissa agrees with the current harmonics.
Experimental data and the conducted theoretical analysis of the interaction between the cell and alternating electric field suggest that under the study conditions the erythrocyte can be presented as a nonlinear element whose membrane permeability for positive ions is higher in one direction than in the reverse direction. This is consistent with the selective permeability of the membrane, for example, for potassium ions K + [12] known from literature. Interestingly, the p n − transition in electronic devices, for example, a diode is characterized by similar different conductivities in different directions [13] . The special case of the nonlinear equivalent electric circuit of the cell for positive charges is shown in Figure 4 where the membrane is presented by a diode with nonlinear resistance and capacity m m R C . The conducted work allowed us to draw the following conclusions. 
Conclusions
1) The nonlinear polarizability of human erythrocytes is observed in non-uniform alternating electric field with the intensity 5 10 V / m E = in the frequency range of ( ) 100 1000 kHz ÷ . 2) The nonlinear polarizability of erythrocytes in non-uniform alternating electric field causes their rotation around their own axes with the frequency exceeding 1 Hz .
3) The external harmonic electric field affecting the cell is created in the cell cytoplasm in the form of a nonlinear uniform 2 field with a constant component and a broad frequency range due to the electric properties of the cell membrane.
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